Abstract: Temperature-induced unfolding of Klenow-like DNA Pol I ITB-1 was investigated by molecular dynamic simulation, focusing on the key factors that stabilizing the protein. The result showed that the protein unfolded initially by disruptions of the interface between of 5' 3'polymerase and 3' 5' exonuclease domains. Several amino acid residues, Lys374-Glu489 and Lys381-Glu487, form salt bridges at the interface domain and played an important role in the contact between the two domains. These interactions were examined through in silico mutation by comparing the free-energy solvation changes between the wild type and the mutants. The disruption of salt bridges by replacing Glu to Gln at position 487 and 489 caused positive value of G solv , suggesting that the proteins were more unstable. While the substitution of Glu to Asp at position 487 and 489 preserved the electrostatic interaction. The last two mutants showed negative value of G solv , suggesting that the proteins were more stable. All the data suggested that the salt bridges between Lys374-Glu489 and Lys381-Glu487 have an essential role in maintaining the stability of the interface domain of DNA Pol I ITB-1, and thus, the whole structure of the protein.
INTRODUCTION
DNA polymerases are molecular motors that direct the synthesis of DNA from mono nucleotides. Based on the sequence similarity and crystal structure, polymerases are classified into seven different families: A, B, C, D, X, Y, and RT families [1] [2] [3] [4] . The most extensively studied DNA polymerases are from A family. The Escherichia coli DNA Pol I and Thermus aquaticus (Taq) DNA Pol I are the most characterized DNA Pol from A family [5, 6] . The structure of all known polymerases showed that these enzymes contain three subdomains that are associated with the binding of DNA primer-template and an incoming dNTP, termed as palm, fingers, and thumb. The palm is the most conserved region, contained two carboxylate residues that had important role on phosphoryl transfer reaction [7] .
DNA polymerases have been used extensively in molecular biological research, especially in PCR and sequencing techniques. Thermostable DNA polymerases, such as Taq DNA Pol I, have been the key element in the development of the polymerase chain reaction [8, 9] , since the enzyme is still stable at high temperature up to 97 o C. Several high thermostable DNA polymerases have been studied from different organisms [10] [11] [12] [13] [14] . A few moderate thermostable DNA polymerases have been isolated and *Address correspondence to this author at the Biochemistry Research Division, Faculty of Mathematics and Natural Science, Institut Teknologi Bandung, Jln Ganesha 10, Bandung 40132, Indonesia; Tel: (62)22-2502103; Fax: (62)22-2504154; E-mail: loka@chem.itb.ac.id purified from thermophilic Bacillus species [15, 16] . Bst DNA polymerase was isolated from B. stearothermophilus [17] [18] [19] . Bca DNA polymerase was isolated and cloned from B. caldotenax [19, 20] . Bst DNA polymerase has been used for DNA sequencing. All the above enzymes showed less optimal temperature for polymerase reaction. However, the amino acid sequences of the enzymes are not significantly different with the high thermostable DNA polymerases.
Understanding the mechanism of thermal stability of protein has been the subject of exhaustive experimental and theoretical studies for more than few decades. The experimental approaches carried out by comparison of the amino acids sequences or crystal structures showed no general rule for the factors involved in thermal stability of proteins [21] . Thermal stability depends on the combination of many factors [22] [23] [24] [25] . The use of molecular dynamic (MD) simulation over the last 20 years provided the ultimate detail concerning individual atomic motion and become a standard tool for the investigation of biomolecules [26] . Understanding of motion behavior at the atomic level is a valuable factor for the study of complicated reactions, such as folding or unfolding protein. In addition, the motion behavior is also important for exploring the conformational space, such as ligand-docking or investigating natural dynamics of protein at elevated temperature, which is not easily obtained by experimental analysis [26] [27] [28] [29] [30] . This theoretical approach has been used to elucidate factors that govern thermostability of proteins at atomic level [31] [32] [33] . Furthermore, complementation between the experimental and the computational analysis provides more complete and detailed pictures of the biomolecules.
A moderate thermostable DNA polymerase from Geobacillus thermoleovoran has been cloned and expressed in E.coli, namely DNA polymerase I (Pol I) ITB-1. This enzyme consists of three structural domains, 5' 3' polymerase, 3' 5' exonuclease and 5' 3' exonuclease domains. The enzyme has optimal polymerase temperature 338K (65 o C) [34] . Initial effort to understand the molecular basis for thermal stability of the enzyme was carried out by molecular dynamic simulations at 400K and 500K [35] . The result showed that the -sheets 2, 3 and 4 [36] in the 3' 5' exonuclease domain were the most thermo-labile segment of the enzyme. However, prediction of detailed molecular interactions, which was responsible for the thermal stability, was hard to obtain, due to the spontaneous unfolding of the enzyme at these temperatures. Hence, in this report we would like to present the factors that are involved in thermal stability of DNA Pol I ITB-1 using molecular dynamic simulation at lower temperature.
METHODS

Construction of Structural Model
The initial three-dimensional structure of DNA Pol I ITB-1 was constructed on the basis of homological protein structure modeling from SwissProt using Predict Protein program [37] . Three steps for using the comparative modeling program, alignment of amino acids sequences, structure prediction, and validation of structure using WHAT_IF SwissProt Program, were carried out to construct the protein model.
Simulation Method
Amber version 9.0 program [38] was used for the molecular dynamic simulation. To improve simulation efficiency, only those bond lengths that involved hydrogen atoms were constrained with the SHAKE algorithm [39] . Parm99 + frcmod ff03 [40] was used for the simulation. The implicit solvent (igb =5) was used to describe the solvation effects in MD simulations. The mbondi2 radii were set, and the reaction field cutoff (rgbmax = 16) was employed to speed-up the calculation of effective Born radii. The salt concentration was set at 0.5 M during the whole simulation. The structure was subjected to energy minimization calculations by the steepest descent method with 500 iterations, followed by the conjugate gradient method with 4500 iterations to be used as starting lowest energy structure. The energy-minimized state of protein was then submitted to MD simulations after equilibrating for about 100 ps at 300K and 350K, respectively. The temperature and pressure were kept constant, during the simulation by coupling the system to Berendsen heat bath at the simulation temperature and an external pressure bath at 1 atm, with a relaxation time of 4 ps, respectively. The trajectories and coordinates of the proteins were saved every 2 fs for structural analysis. Simulation image of protein was generated by visual molecular dynamics (VMD) software [41] .
Free Energy Calculation
The overall free energy perturbation (FEP) was calculated by using the alchemical free energy simulation module in NAMD 2.6 [42] . All simulations were carried out with periodic boundary condition (100 100 100 Å 3 periodic box) at constant temperature (350K) and pressure of 1 bar, using PME electrostatics. Ten Langevin dynamics simulations were performed with that was 0.1. The FEP calculations were run until the get to the value 1.0, and in every , 50000MD step were carried out. The trajectories were saved every 2 fs. Solvation in explicit water was built, using solvate plugin on VMD. A topology file containing hybrid amino acids for all point mutations was constructed with the VMD plugin Mutator, based on the standard CHARMM topologies. The solvated system was equilibrated at the target temperature and pressure then run to FEP simulation in the NPT ensemble.
Analysis of MD Trajectories
Analysis of the MD coordinate trajectories of the simulations was performed by calculating several structural parameter over time, such as C-root-mean-square deviations (RMSD), root-mean-square fluctuation (RMSF), solvent accessible surface area (SASA), and percentage of secondary structure (% SS). RMSDs and RMSFs were calculated within the software package VMD. The RMSDs were calculated for the backbone atoms with reference to the starting structure at t = 0. This could be expressed in the following equation:
N atoms (1) where, N is the total number of atoms, while r i (t 2 ) and r i (t 1 ) represent the coordinates of atom i at time t and at initial stage (t 1 ), respectively.
The atomic fluctuation in the protein was studied by computing the RMSFs of the structures generated from the simulation.
where, R j is the coordinate of residues j, and |R j | represents the average of the j atom. SASA and % SS were calculated by using Dictionary of Protein Secondary Structure (DSSP) software [43] .
RESULTS
Structure of DNA Pol I ITB-1
Three dimensional structure of Klenow-like DNA Pol I ITB-1 was modeled by homological protein structure modeling from SwissProt, using Predict Protein program [37] . A fragment of DNA Pol I ITB-1 from residue 297 to 876, containing 5' 3' polymerase and 3' 5' exonuclease regions, was selected for the construction of the 3D structure of the enzyme. The crystal structure of Bacillus fragment (BF) DNA Pol I from B. stearotermophillus (PDB entry 1XWL [44] ) was chosed as a template for the comparative modeling, since the amino acids sequence for the region has identity more than 95% compared to that DNA Pol I ITB-1. The 3D structure of DNA Pol I ITB-1, generated from the comparative modeling, almost resembled with the crystal structure of its template with the RMSD value 1.46 Å (Fig.  1a) . All structural features in the polymerase domain, such as palm, thumb, and fingers were similar to those found in known DNA Pol I structure. In addition, the orientation and geometry of residues involved in the active site of the polymerase domain e.g. Asp 653, Asp830 and Glu831 [45] , were similar to those found in BF polymerase domain, illustrated in Fig. (1b) . In addition, the exonuclease domain also exhibited similar conformational feature with the editing domain of BF. All these structural features indicated that the structural model of DNA Pol I ITB-1 was successfully determined and reliable to be used as an initial coordinate for molecular dynamic simulation in this study.
Conformational Dynamics of DNA Pol I ITB-1
MD simulations of DNA Pol I ITB-1 were carried out at temperature 300K and 350K in implicit solvent, using the generalized Born solvation model [46] . The simulation at 300K was intended to assess the conformational stability of DNA Pol I ITB-1 at room temperature. Meanwhile, the simulation at 350K was performed to elucidate the early stage of unfolding and investigated factors that have important role in maintaining thermal stability of the protein.
The simulations covered root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), solvent accessible surface area (SASA), and percentage of secondary structure (%SS) analyses.
The RMSD represented the structural changes during the simulation [47, 48] . Analysis for the time evolution-RMSD resulted from the simulation at 300K and revealed that the structure was fluctuated at around 4 to 6 Å from the initial structure, as shown in Fig. (2a) . Alignment between the structure after 1 ns with the initial (0 ns), showed that the average RMSD difference was about 5 Å. The stability of the protein structure at room temperature justified the reliability of the implicit solvent system used in this study. In contrast, the simulation at 350K exhibited different C RMSD profile. Initially, the RMSD value remained almost constant at around 9 until ~ 0.60 ns, and then sharply increased up to ~29 Å at about 0.89 ns and then fluctuated at around the value. The amplitude during the fluctuation after the transition had increased tendency and reached to 35 Å at about 2 ns (Fig. 2a) . The appearance of sharp transition of RMSD within 0.60-0.89 ns indicated that there was cooperative unfolding event at 350K simulation. The existence of the transition indicated that temperature at 350K was suitable to study the early unfolding step of DNA Pol I ITB-1.
Further analysis on the flexibility profile of individual amino acid residues in the enzyme at 350K were calculated by root mean square fluctuation (RMSF), as a function of residue number. RMSF analysis at 350K showed that there were several extreme values exhibited by amino acid residues in certain positions as indicated by the appearance of some peaks in the RMSF plot (Fig. 2b) . The position of residues corresponded to the peaks was located in both 3' 5' exonuclease and 5' 3' polymerase domains. The residues within 3' 5' exonuclease domains were located at the position of 326, 425-427 and 430-433, whereas the residues in the polymerase domain were located at the positions of 521-524 and 550-552. In order to clarify the locations of the flexible regions in the structure of DNA Pol I ITB-1, the RMSF value of individual residues was converted into -factors [49] [50] and then the result was mapped into the structure of protein, as shown in Fig. (2c) . The -factor value of individual residue was distinguished in the map by RGB (Red Green Blue) color scale, where the lowest to highest values were showed as gradation color from red to blue. As shown from the map, it was found that the rigid as well as flexible regions were not concentrated in a particular region, but distributed in the two domains of DNA Pol I ITB-1. Nevertheless, the numbers of flexible segments were relatively higher in the 3' 5' exonuclease as compared to those in the 5' 3' polymerase domain. This indicated that the former domain was more sensitive to heat.
Previous study at higher temperatures (400K and 500K) also revealed that the 3' 5' exonuclease domain had lower thermostability as compared to that of polymerase domain [35] .
In order to investigate detailed conformational changes, solvent accessible surface area (SASA) was calculated especially for the whole surface area and non-polar region as a function of time. Similar to RMSD profile, it was also observed that there was a transition in the total SASA value at similar time range e.g. between 0.6 and 0.9 ns, thereby the two observations were in agreement with each others (Fig.  3a) . Calculation for time evolution of non-polar SASA further clarified the observed profile of total SASA and RMSD values. The transition within the same time range was also found in non-polar SASA. All these suggested that within this time range the non-polar residues buried in the interior of the protein were suddenly exposed to the solvent. (Fig. 3a, insert) .
Besides the investigation of the global conformational change at tertiary structure, the secondary structure was also evaluated. In contrast to the profile found in RMSD and SASA, the secondary structure content for both -helices and -sheets decreased gradually by the simulation time (Fig. 3b ) without any sudden apparent transition. The data suggested that the conformational change during MD simulation at 350K mostly affected the tertiary structure of the protein rather than its secondary structures.
Early Unfolding Event of DNA Pol I ITB-1
The unfolding profile of DNA Pol I ITB-1 was followed by analysis of the trajectories profiles. The results showed that the interface of the two domains were suddenly separated, exposing the buried amino acid residues on the solvent. It was also noticed that such event did not immediately trigger the unfolding of the individual domain (Fig. 4) . The interactions within the interface were not the factor that not only determine the stability of individual domains but also the overall structure of the protein. The residues within the interface domain were apparently more affected by thermal perturbation at 350K as compared to the residues within the individual domains of the protein.
In order to identify amino acids residues responsible for the stability in the interface domain, further analysis was carried out focusing on the separation of the two domains. It was found that at least two pairs of amino acid residues, Lys374-Glu489 and Lys381-Glu487, were apparently responsible for the stability of the interface domain. The two pairs formed salt bridges at the interface between 5' 3' polymerase and 3' 5' exonuclease domains of DNA Pol I ITB-1. The distance of these interactions during simulation was shown in Fig. (5) . The results showed that the salt bridges formed by pairs of Lys374-Glu489 and Lys381-Glu487 were initially stable until the simulation was running up to 0.6 ns. However, between 0.6 to 0.9 ns, the interactions were cooperatively broken as indicated by the sudden increase of the pair distances. These events were occurred at the same time with those found in RMSD and SASA (Fig.  2a, 3a) . The data suggested that intermolecular interactions within the two pairs of residues, Lys374-Glu489 and 
(Å)
Lys381-Glu487, played important role in maintaining the interface contact between 5' 3' polymerase and 3' 5' exonuclease domains.
After domain separation, it was shown that the individual domain, 5' 3' polymerase and 3' 5' exonuclease domains, remained in the folded state. This condition was persisted until the simulation time reached at 2 ns, then each of the domain was gradually unfolded. Therefore, the unfolding of DNA Pol I ITB-1 was occurred sequentially and the domain separation was the early event of the unfolding.
Effect of Mutation at the Interface Domain on Thermal Stability of the Enzyme
In order to further identify the role of the ionic interaction in the interface domain, four hypothetic mutants were constructed by substituting one of the amino acid residues in each pairs, namely Glu487Gln, Glu489Gln, Glu487Asp, Glu489Asp. The first two mutants (Glu487Gln and Glu489Gln) were designed to change the electrostatic interaction into charge-neutral hydrogen bond between the side chains. The last two mutants, Glu487Asp and Glu489Asp, were constructed to improve the electrostatic interaction at the site. The effects of the mutation were evaluated by calculating solvation free energy changes ( G solv ) using FEP method.
Replacements of Glu487 to Gln showed positive value of G solv e.g. + 53.67 kcal/mol, indicating that the protein become unstable as compared to that the wildtype (Fig. 6) . In addition, the calculation of G solv for mutant Glu489Gln also showed positive value of G solv (data not shown). In contrast, the mutation of Glu487Asp and Glu489Asp reduced G solv up to, -21.5 and -14.1 kcal/mol, respectively (Fig. 6) .
DISCUSSION
MD simulations were carried out at temperature 300K and 350K in implicit water, using the generalized Born solvation model [46] . The advantage of using the implicit water system is significant reduction of the number of atoms involved in the calculations, thereby the calculations becoming faster [38] . Many reports showed comparable result of the implicit water system in their study relative to those obtained by using the explicit solvent [51] [52] [53] [54] . The reliability of the solvent system was evaluated in our study by taking the simulation result at 300K as reference. The stability of protein exhibited in the simulation at this temperature proved the reliability of the solvent system. Caflisch and coworkers [55] have pioneered long folding simulations using simple peptide, the -helical (AAQAA) 3 and the -hairpin-forming sequence V 5 DPGV 5 by implicit solvent models. By using low (or no) viscosity in the simulations, the study could speed up the timescales occupied in folding. Additional benefit of using implicit solvent is the time for conformational samples that are obtained in relatively shorter time period. The advantages enabled to focus the analysis on intra-molecular interactions within the protein [56] , as in the current study to locate key residues in DNA Pol I ITB-1, whose interactions are important for protecting the structure from thermal perturbation. The analysis will be obscured by intermolecular contact with water molecules, since it is complicated to discriminate molecular events occurred due to conformational dynamics imposed by intra-molecular interaction within the protein or due to intermolecular contact with water molecule [38] .
MD simulation at 300K were also used to assess the reliability of the structural model of DNA Pol I ITB-1, obtained from the comparative modeling program. Simulation at 300K revealed the typical conformational motion of DNA Pol I, which are periodically open and closed motions of the polymerase domain. As reported in the previous work, such motions are important for their enzymatic activity during the polymerization process of DNA [36, [57] [58] . The similarity in conformational motion of DNA Pol I ITB-1 with the other DNA Pol I proved the reliability of the structural model used in this study. Previous studies showed that DNA Pol I ITB-1 has optimum polymerase temperature at 338K [34] . Hence, to observe the unfolding profile and factors that determined the stability of the protein, we presented the 350K simulations, above its optimum temperature. Day et al. [28] have shown that by increasing temperature, unfolding of chymotrypsin inhibitor 2 (CI2) was accelerated, without altering the pathway of unfolding. Meanwhile, Li and Dagget [27] used high-temperature MD simulation of CI2 to speed up the kinetic unfolding of protein. This method was based on the assumption that most of the thermal unfolding of protein has Arrhenius behavior, and therefore, the increasing temperature does not change the unfolding pathway of protein [59] . Thermal unfolding simulation at 350K revealed that DNA Pol I ITB-1 unfolded sequentially. It has been shown that the unfolding was initiated by the domain separation between 5' 3' polymerase and 3' 5' exonuclease domains. It has also been shown that there are two saltbridges (Lys374-Glu489 and Lys381-Glu487) buried in the hydrophobic interface between 5' 3' polymerase and 3' 5'exonclease domains, taking role in tightening the contact of the two domains. As long as the two salt-bridges existed, the protein molecules still showed normal structure and functions as we noted in the existence of open and closed conformational motions for about 0.6 ns. After the domain separation occurred, however, such conformational motion was disrupted. It was also noted that, this event was not spontaneously followed by the unfolding of individual domains. The 5' 3' polymerase and 3' 5' exonuclease domains were still in the folded structure until the simulation time reached at 2 ns (Fig. 2a) . This implies that interface contacts between 5' 3' polymerase and 3' 5' exonuclease domains are most likely the transition state to reach the native conformation in the folding mechanism of DNA Pol I ITB-1. The two salt-bridges are also directing the proper contact between the two domains besides tightening the contact between them, since these interactions are the only specific interactions at the interface domain.
In this study, four mutations were constructed in silico to change the stability of the interface domain, namely Glu487Gln, Glu489Gln, Glu487Asp, and Glu489Asp. The first two mutants were designed to disrupt the ionic interaction, while the last two mutants were designed to tighten the ionic interaction. Based on the free-energy calculations, only mutations of Glu487Asp and Glu489Asp were increased the thermal stability of the enzymes. Similar observation has recently been reported with a Flavobacterium meningosepticum glycerol kinase [23] . Thermal stability of glycerol kinase was enhanced by improving the electrostatic interaction in the interface region. Exclusively, the work of Waksman and colleagues on Klenow-like Thermus aquaticus DNA Pol I (Klentaq1) demonstrated that the ionic interaction at the interface domain also contributes for thermal stability of the protein [60] . A number of studies also suggested that increasing or enhancing electrostatic interaction in thermophilic and mesophilic proteins were used to increase thermal stability of proteins [61] [62] [63] [64] . Theoretical models by Elcock [65] showed that electrostatic interaction could make a positive contribution to protein stability at high temperature. Based on Elcock postulates, there was a significant energetic barrier for breaking a salt bridge in the protein.
All the data showed that the electrostatic interaction at the interface domain might be responsible for the stability of the enzyme, because change of the electrostatic interaction into charge-neutral hydrogen bond (Glu487Gln and Glu489Gln) decreased the thermal stability of the DNA Pol I ITB-1. Moreover, improvement in the electrostatic interaction (Glu487Asp and Glu489Asp) stabilized the tertiary structure of DNA Pol I ITB-1.
CONCLUSION
MD simulation of DNA Pol I ITB-1 at 350K provided information on dynamic characteristics, especially on domain flexibility and early unfolding process. The results showed that thermo-labile and thermo-stable regions were dispersed through out the protein. However, the amounts of thermo-labile regions were higher in the 3' 5' exonuclease domain as compared to that of the polymerase domain. The simulations also provided the early unfolding process of DNA Pol I ITB-1. This process was caused by domain separation which was triggered by the broken electrostatic interactions between Lys381-Glu487 and Lys374-Glu489. The free-energy perturbation showed that the substitution of Glu487 by Gln, and Glu489 by Gln decreased the stability of enzyme. Meanwhile, replacement of Glu to Asp at position 487 and 489 enhanced the electrostatic interaction at the interface domain, and thus, stabilizing the enzyme. All the data suggested that the salt bridges were responsible for stability of the interface domain of DNA Pol I ITB-1.
